ABSTRACT Providing reliable broadband wireless communications in high mobility environments, such as high-speed railway systems, remains one of the main challenges faced by the development of the next generation wireless systems. This paper provides a systematic review of high mobility communications. We first summarize a list of key challenges and opportunities in high mobility communication systems, then provide comprehensive reviews of techniques that can address these challenges and utilize the unique opportunities. The review covers a wide spectrum of communication operations, including the accurate modeling of high mobility channels, the transceiver structures that can exploit the properties of high mobility environments, the signal processing techniques that can harvest the benefits (e.g., Doppler diversity) and mitigate the impairments (e.g., carrier frequency offset, intercarrier interference, channel estimation errors) in high mobility systems, and the mobility management and network architectures that are designed specifically for high mobility systems. The survey focuses primarily on physical layer operations, which are affected the most by the mobile environment, with some additional discussions on higher layer operations, such as handover management and control-plane/user-plane decoupling, which are essential to high mobility operations. Future research directions on high mobility communications are summarized at the end of this paper.
I. INTRODUCTION
Wireless communications in high mobility environments have attracted considerable attentions during the past few years, due to the large scale deployment of high speed railway (HSR) systems, and the growing popularity of highway vehicular communications systems and low altitude flying object (LAFO) systems [1] - [6] . High mobility communications have been incorporated as an integral part of the fifth generation (5G) communications [7] , [8] . 5G systems are expected to provide simultaneous broadband services to a large number of users traveling at speeds up to 500 km/hr, the speed achievable by HSR systems, at a data rate of 150 Mbps or higher [9] . The speed is even higher for LAFO systems, where the relative speed between transmitter and receiver can be on the order of 1000 km/hr or higher.
Most current wireless communication systems are designed for users with low or medium mobility, and high mobility significantly limits the coverage area and transmission rate. The most popular high mobility communication system is the global system for mobile for rail (GSM-R), which supports a maximum data rate less than 200 kbps, and the narrowband data service can only be used for train operation controls. The fourth generation (4G) long term evolution advanced (LTE-advance) systems are designed to provide optimized services to users in the 0 to 15 km/hr range, high performance services from 15 km/hr to 120 km/hr, and functional services from 120 km/hr to 350 km/hr [10] . However, field tests at different countries show that existing 4G systems can only provide a data rate on the order of 2-4 Mbps to high speed trains. Future high mobility
In high mobility systems, due to fast fading variation, it is more difficult to accurately estimate, track, and predict the fast time-varying fading coefficients. Channel estimation is a non-trivial task in high mobility systems, and the estimation performance might have significant impacts on the overall system performance. In many high mobility systems, channel estimation errors are inevitable and they will seriously degrade system performance. The common assumption of perfect channel state information (CSI) adopted for the design of low mobility systems is no longer valid for high mobility systems. Thus the designs of high mobility transceivers need to take into considerations of the properties of channel estimation errors. Alternatively, non-coherent systems that do not require the knowledge of CSI can be developed for high mobility systems.
3) DOPPLER DIVERSITY
Even though fast time-varying fading will degrade system performance, the short coherence time and fast variation of the fading channel also provide Doppler diversity, which can be exploited to improve system performance. Doppler diversity has been studied extensively for systems with perfect CSI. However, channel estimation errors are non-negligible in high mobility systems and they may have significant impact on achievable Doppler diversity orders. A higher Doppler spread means a high Doppler diversity order, but also in general a higher channel estimation mean squared error (MSE). Thus there is a tradeoff between Doppler diversity and channel estimation errors, and it is important to identify the optimum Doppler diversity designs in the presence of imperfect CSI.
4) CARRIER FREQUENCY OFFSET
The Doppler shift at the received signal will cause a mismatch between the frequencies of the oscillators at the transmitter and receiver, and this is called carrier frequency offset (CFO). It should be noted that, even for systems without Doppler shifts, small CFO may also occur due to the instability of oscillators in wireless transceivers. In multi-carrier systems such as orthogonal frequency division multiplexing (OFDM), CFO will destroy the orthogonality among the subcarriers, and introduce inter-carrier interference (ICI). ICI will seriously degrade the performance of OFDM systems. In addition, since the Doppler shifts in high mobility systems change with respect to time, the CFO is time-varying, which is difficult to track and compensate.
5) INTERCARRIER INTERFERENCE
ICI in high mobility OFDM systems are caused by two factors: CFO and doubly-selective (both time-selective and frequency-selective) fading. Conventional OFDM systems are designed primarily for systems experiencing quasi-static frequency selective fading, where the channel remains constant within one OFDM symbol period. In high mobility systems with doubly selective fading, the channel changes inside one OFDM symbol, and the fading time-variation will destroy the orthogonality among subcarriers and introduce ICI. The ICI in systems with doubly-selective fading is a direct consequence of Doppler spread, and it can be utilized to provide Doppler diversity. Thus the design of high mobility OFDM systems should be able to simultaneously collect the benefits of Doppler diversity, and mitigate the negative impacts of ICI.
6) HIGH PENETRATION LOSS
In HSR systems, the well sealed train carriages introduce severe penetration loss of the wireless signals. The carriages are made of special alloys and difficult to penetrate. Furthermore, they form the Faraday cage effects that will VOLUME 4, 2016 further reduce the received signal power in both uplink and downlink. The penetration loss from train carriage is usually in the range between 20 dB to 35 dB [6] , [11] . The large penetration loss will seriously degrade the signal-to-noise ratio (SNR) at both the basestation (BS) and mobile station (MS), and makes it even more difficult to achieve reliable broadband communications in high mobility environments.
7) FAST AND FREQUENT HANDOVERS
Handover, or handoff, is the process by which a MS maintains its connection active while moving from one point of attachment to another. A high mobility MS may travel through the coverage areas of multiple BSs or access points (APs) within a short period of time. Traveling across the boundaries of areas covered by two different BSs will trigger handover, and high mobility systems will experience frequent handovers. In addition, due to the fast movement of the MS, there is only a very small time window to complete the handover process, and handover failures will occur if the handover process cannot be completed on time. Therefore, new handover algorithms are needed to meet the requirements of handovers in high mobility systems, such that we can reduce the number of handovers, the handover latency, and the handover failure probability. For HSR systems, the group handover is another big problem when hundreds of in-train MS trying to handover at the same time, generating the so-called signaling storm. Fortunately, group handovers may be eliminated by introducing on-train mobile relays.
8) NETWORK ARCHITECTURE
Fast movement of the communication devices also introduces fast topology variation of the entire communication network. Based on the unique properties and geometric layout of high mobility systems, new network architectures can be developed or adapted to meet the requirement of high mobility communications. In 5G systems, there are a plethora of new network architectures, such as heterogeneous networks (HetNet) with macrocells and small cells, cloud radio access network (C-RAN), control-plane and userplane (C/U-plane) decoupling, and mobile relays, etc., which can be utilized to provide more effective and efficient coverage to high mobility users.
B. OUTLINE
The objective of this paper is to provide a review and survey of theories and practices that can cope with the challenges and opportunities of high mobility communications. The survey will focus primarily on the physical layer operations, with some discussions on upper layer operations such as handover and network architectures due to their importance for high mobility communications.
The remainder of this paper is organized as follows. Section II reviews the models of fast time-varying channels for various high mobility systems, including both statistical models and geometry-based models for fixed-to-mobile, mobile-to-mobile, and air-to-ground scenarios.
Section III discusses the estimations of fast time-varying fading channels. Due to the fast time-varying nature of the channel, blind estimation algorithms are in general not suitable for high mobility systems. Thus we focus on pilot assisted channel estimations, including the design of pilot patterns and channel estimation algorithms.
Section IV presents the fundamental theory and implementations of Doppler diversity transmissions for systems with or without perfect CSI. In the theoretical aspect, we review the recent theoretical results on the fundamental performance limits of Doppler diversity transmissions with imperfect CSI. Then the practical implementations of Doppler diversity transmissions are discussed.
Section V discusses multicarrier modulations in high mobility systems. We first discuss the impacts and estimation of CFO, then review the techniques for joint ICI cancellation and Doppler diversity collection in doubly-selective fading. The recently proposed concept of mobility adaptation for OFDM is reviewed, where the system adapt the operation parameters of OFDM systems based on the velocity of the mobile stations.
Section VI reviews non-coherent detections for high mobility systems. Non-coherent detection is specifically suitable for high mobility systems because it does not require the knowledge of CSI, and can operate only with the knowledge of the channel statistics. The information theoretical limits of non-coherent detection are reviewed first, then several practical non-coherent schemes are presented.
Section VII reviews handover operations in high mobility systems. We first discuss the challenges faced by the handover designs in high mobility systems, then present several handover schemes in various system structures, such as distributed antenna system (DAS), coordinate multipoint transmission (CoMP), and HetNet.
In Section VIII, we present several network architectures that are suitable for high mobility operations, including the network architecture for railway systems, the C/U-plane decoupling in HetNet, mobile relays, and C-RAN.
Finally Section IX concludes the paper, and briefly discusses future research directions and challenges for high mobility communications.
II. RAPIDLY TIME-VARYING CHANNEL MODELING
The high mobility wireless communication channels have several unique properties, such as large Doppler spread, large angular spread, and non-stationarity, etc. High mobility channel models should be able to accurately represent such properties.
The time-varying impulse response of a wide-band wireless channel can be represented by h(t, τ ), which is the response of the channel at time t to an impulse input at time t − τ . The variable t represents the time variation of the channel, and τ represents the propagation delay. The channel impulse response (CIR) usually incorporates large-scale fading such as pathloss and shadowing, and smallscale fading. Since large-scale fading changes slowly even in high mobility systems, we will focus on small-scale fading, which changes very fast in high mobility systems due to the Doppler effects.
The CIR, h(t, τ ), of a high mobility system is a non-stationary random process with time-varying statistical parameters. The objective of channel modeling is to approximate the properties of h(t, τ ) through analysis and simulations. High mobility channel models can be classified into two categories, statistical models and geometry-based models. Statistical models represent the wireless channel by using existing statistical distributions. The behaviors of the wireless channel are abstracted into analytical parameters, such as density function of fading envelope, auto-correlation function, level crossing rate, etc. The statistical models are simple in that they can be represented with a few parameters. They are usually used for wide-sense stationary (WSS) channels, and they might not be able to capture the rich interactions and time-varying behaviors in a high mobility environment. The geometry-based models represent the channels by using ray tracing over a large number of scatters placed on certain geometry shapes. Compared to the statistical models, geometry-based models provide a more realistic and accurate representation of the high mobility environment, at the cost of high modeling complexity.
A. STATISTICAL MODELS
There are three widely used statistical models for timevarying wireless channels: the classical Jake's model [12] , the basis expansion model (BEM) [13] , and the Markovian models [14] . All models are used to represent the time evolution of the small scale fading.
1) JAKE's MODEL
The Jake's model is a simulation implementation of Clarke's two-dimensional (2-D) isotropic scattering model [15] , which assumes that the wireless signals propagate in a 2-D plane and arrive at the MS from all directions with equal probability. Under the assumption of wide sense stationary uncorrelated scattering (WSSUS), the autocorrelation function of the complex fading coefficients is
where C h (τ ) is the average power of h(t, τ ), J 0 (x) is the zero-order Bessel function of the first kind, f D is the maximum Doppler spread, and δ(x) is the Direc delta function. The corresponding power spectral density (PSD) can be obtained through the Fourier transform of R hh (t, τ 1 , τ 2 ), and it is [16] 
where rect(x) = 1 for x ∈ [−0.5, 0.5] and 0 elsewhere. It is clear that the fading spectrum is limited
The main advantage of the 2-D isotropic scattering model is its simplicity and analytical tractability, thus it is the most widely used model in the literature. Several improvements of Jake's model can be found in [17] and [18] . The Jake's model is extended to vehicle-to-vehicle (V2V) scenarios in [19] and [20] .
2) BEM
The BEM model is mainly used for the discrete-time CIR, h(n, l) = h(nT s , lT s ), where T s is the sampling period. The discrete-time CIR in the time domain can be transformed into a low-dimensional transform domain as
where {c q (l)} Q are a set of random BEM coefficients at delay τ = lT s , {b q (n)} Q are deterministic basis functions, and Q is the BEM dimension. Usually, BEM coefficients remain invariant over a short period of time, e.g. several milliseconds (ms). In this time period, the time-varying channel is represented as the weighted summation of deterministic basis functions multiplied by time invariant BEM coefficients. One of the most commonly used basis function is the complex exponential (CE) basis, where {b q (n) = e j2πω q n } N −1 n=0 , N is the block length, w q = (q− Other basis functions include polynomial basis [21] , [22] , Karhunen-Lòeve basis [23] , and discrete prolate spheroidal sequences [24] , [25] . All focus on the reduction of the channel dimension in a transform domain.
3) MARKOVIAN MODEL
The Markovian model family represents the wireless channel as finite-state Markovian chains, that is, the current channel coefficient depends on the preceding ones. The most commonly used Markovian model is the auto regressive (AR) model. The first-order AR model is
where the parameter a represents the model evolution, and v(n, l) is the model error. The impact of the Doppler spread is characterized by the parameter a. The AR model is simple and analytically tractable, but it cannot capture the rich interactions in a high mobility environment. A large number of Markovian models have been proposed for different high mobility environments [14] , [26] - [31] . The models of HSR channels are proposed in [14] and [26] , where the birth-death of multi-path components are modeled as Markov chains. A class of finite-state Markov channel models are proposed in [31] to model different aeronautical environment, such as parking and taxi environment, takeoff and landing situations, and en-route scenarios for ground-air and air-air links.
All statistical models are developed for WSS channels. In high mobility communications, the channel might be non-WSS. In this case, we can divide the time duration into small blocks such that the channel is WSS in each block, and the model parameters change from block to block.
B. GEOMETRY-BASED MODELS
The geometry-based models try to represent the propagation environment by placing scatters according to certain deterministic or stochastic geometry layouts. The geometrybased models can be classified as [32] : geometry-based deterministic model (GBDM) and geometry-based stochastic model (GBSM).
GBDM describes physical channel parameters in a completely deterministic way. Despite its high accuracy, GBDM requires a detailed description of the propagation environment and extensive computational resources.
In GBSM, the impulse responses of channel is characterized by the law of wave propagation applied to specific transmitter, receiver, and scatterer geometries that are predefined in a stochastic fashion according to certain probability distributions [33] . Different types of GBSM differ mainly in the proposed scatterer distributions. Based on the positions of the effective scatterers, GBSM can be further classified as regular-shaped GBSM (RS-GBSM) and irregular shaped GBSM (IS-GBSM). In RS-GBSM, all effective scatterers are placed on regular shapes, e.g., one-ring, two-ring, and ellipses for 2-D models and one-cylinder, two-cylinder, one-sphere, two-sphere, ellipticcylinders for three-dimensional (3-D) models. Unlike RS-GBSM, IS-GBSM places the effective scatterers with predefined properties at random locations with certain statistical distributions.
We will provide a review of the geometry-based models under three scenarios: fix-to-mobile (F2M), mobile-to-mobile (M2M), and air-to-ground (A2G). The geometry-based models discussed here are summarized in Table 1 .
1) F2M COMMUNICATION SYSTEMS
In F2M system, the mobility is on user's end. The BS is stationary, elevated, and relatively free of local scattering. HSR channel model belongs to this scenario.
GBDM: Most GBDMs are constructed through 3-D ray-tracing, which tracks the wave propagation in various environments. In [34] , a 3-D ray-tracing model for HSR tunnels is developed. The model is represented in the form of polarimetric and complex CIRs and the Doppler diagram, and the results agree well with measurements results. A GBDM for multiple input single output (MISO) system is proposed in [35] , which analyzes the channel characteristics such as the delay spread and Doppler spread. The model shows that the Doppler spread can be reduced by using directional antennas. GBDM can also be developed by using propagation graph, which predicts CIRs by thoroughly searching for propagation paths. A GBDM based on random propagation graph is proposed in [36] to characterize time varying HSR channels in the rural, urban, and suburban environments. This modeling approach can be performed by considering the geometry of the simulated environment, e.g., the distribution, mobility, and visibility of the scatterers. To avoid the high complexity of implementing GBDM while maintaining sufficient accuracy, semi-deterministic models for viaduct and cutting scenarios of HSR is proposed in [37] .
GBSM: Due to its flexibility, GBSM has been widely used for standard channel models including COST 259, COST 273, Spatial Channel Model (SCM) and WINNER channel models [38] . In [38] , a WSSUS one-ring GBSM is proposed to model HSR channels in urban scenarios. The scatterers are assumed to be randomly distributed in a ring around the MS and different distributions of the scatterers are analyzed. An empirical geometry-based model is proposed in [39] for HSR systems. A non-stationary ellipse channel model is proposed in [40] for wideband MIMO HSR channels in rural scenarios. Fig. 1 shows the geometry of nonstationary ellipse channel model in [40] . All the previously reported models for HSR assume that the fields incident on the BS and MS antennas are composed of a number of waves traveling only in the horizontal plane. This assumption is FIGURE 1. The geometry of non-stationary ellipse channel model in [40] .
valid only for plain or viaduct. In [41] , a 3-D one-sphere GBMS is proposed for the terrain cutting, suburb, and urban scenarios.
2) M2M COMMUNICATION SYSTEMS
In M2M communications, both the transmitter and the receiver are in motion and are equipped with low elevation antennas. Applications include mobile ad-hoc wireless networks, intelligent transportation systems, and relay-based cellular networks.
GBDM: A sum-of-sinusoid based simulation model for M2M channels is proposed in [42] , where the model is obtained by summing over sinusoidal signals with random amplitudes and phases propagated over deterministic scatters placed on two-ring centering around the transmitter and receiver, respectively.
GBSM: A RS-GBSM for narrowband M2M Rayleigh fading channels is proposed in [43] , where the model is developed by using a 2-D two-ring geometry with doublebounced rays and isotropic scattering. A RS-GBSM for Ricean fading channel is proposed in [44] . The effects of nonisotropic scattering are considered in [45] . A 3-D narrowband two-cylinder RS-GBSM is proposed in [46] , and it is further extended to a 3-D wideband cocentric-cylinder RS-GBSM in [47] . Fig. 2 shows the geometry of the two cocentric-cylinders model in [47] . All aforementioned FIGURE 2. Two concentric-cylinders model presented in [47] .
RS-GBSMs cannot characterize the impact of the vehicular traffic density (VTD) on channel statistics, which might have significant impacts on channel statistics in vehicular networks. The effects of VTD are incorporated in a 2-D non-isotropic scattering wideband MIMO M2M RS-GBSM in [48] , and a 3-D RS-GBSM model in [49] . A 3-D polarized MIMO channel model is proposed in [50] , which takes into account 3-D power angular spectrum and comprehensive propagation characteristics of electromagnetic waves excited by polarized antennas. A RS-GBSM model for wideband M2M systems are proposed in [51] .
3) A2G COMMUNICATION SYSTEMS
A2G channel is the communication link between an aircraft aloft in the troposphere and a ground station (GS). It is assumed that the aircraft is within the radio line of sight (RLOS) of the GS, because curvature of the earth makes link closure essentially impractical beyond the RLOS [52] .
GBDM: In [53] , a method of real-time A2G aeronautical communications channel modeling is proposed with ray-tracing. By using the ray-tracing method, the model can directly produce the real-time simulation results of the channel. The results can be further employed to build up the statistical model. GBSM: A 3-D geometric ellipsoidal channel model is developed for simulating A2G communications where the GS is in a cluttered environment [54] .
C. CONCLUDING REMARKS
The high mobility channel models are reviewed in this section by following two categories: statistical channel models and geometry-based models. Statistical models abstract the behaviors of high mobility channels into a group of parameters. They are relatively simple and analytically tractable. Thus the statistical models are widely used in system analysis and design, such as channel estimations and diversity transmissions. However, the simple structure of statistical models might not capture the complicated behaviors of high mobility channels. In addition, most statistical models are WSS, yet the high mobility channel is usually non-WSS. In order to apply statistical models to high mobility systems, we need to divide the time axis into small intervals such that the channel in one interval is WSS. The geometry-based models can provide a more accurate representation of the high mobility propagation environments, at the cost of higher complexity. Different geometry-based models can be used to approximate signal propagations in a wide range of environments, with different geometry layouts and scatter distributions. In addition, they can easily capture the non-WSS behaviors of high mobility channels. They are mainly used for simulations, but rarely used for design and analysis, due to the lack of analytical tractability and high complexity. Analysis and simulation results with the geometry-based models can be used to construct new or to improve existing statistical models.
The future research directions in high mobility channel modeling include the following aspects. First, statistical VOLUME 4, 2016 properties of high mobility channels can be better estimated and understood with experimental and simulation results, in various communication scenarios. Second, with the help of the statistical properties, more sophisticated statistical models can be constructed to better represent the propagation properties of high mobility channels. Third, hybrid and adaptive channel models can be developed to represent more propagation environments. Fourth, for more accurate channel description, scenario-specific geometry-based models should be investigated, such as viaducts, cuttings, tunnels and sound insulation walls built along the railways and highways.
III. ESTIMATIONS OF FAST TIME-VARYING FADING CHANNELS
High mobility communications dictate an operation environment of doubly-selective (both time-selective and frequency-selective) fading, which introduces channel dispersions in both time and frequency domains. The fast time-variation along with the long time-dispersion of doublyselective fading impose great challenges on the accurate estimation and tracking of the doubly-selective channel.
The channel estimation methods are typically classified as blind [56] , [57] , semi-blind [58] , and pilot-aided channel estimations [59] , [60] . The blind channel estimations are realized by using the statistics of the received data [56] , the cyclic prefix (CP) [61] , the virtual carriers [62] , and receiver diversity [57] . Due to the low convergence speed, blind estimations often require the channel to be constant for a large number of blocks, therefore they are not suitable for high mobility applications. Most communication standards such as LTE and Digital Video Broadcasting (DVB) adopt pilot assisted channel estimations. Thus in this survey, we focus on the study of pilot-aided channel estimation algorithms.
Pilot-aided channel estimations include both pilot designs and estimation algorithms. In high mobility channel estimations, each aspect has unique features and challenges due to the fast time-variation and long time-dispersion of the channels.
A. OPTIMUM PILOT DESIGN
In pilot-aided channel estimations, pilots known to both transmitters and receivers are embedded in the transmitted information sequence. Based on the Nyquist sampling theorem, the pilots should sample the channel at a rate no less than twice the maximum Doppler spread, i.e., 1 
T p
≥ 2f D , where T p is the time interval between two adjacent pilots [63] . Pilot designs can be performed with respect to several parameters, such as the pilot pattern, the number and percentage of pilots, pilot power, and pilot constellations, etc., with respect to various design metrics.
1) OPTIMUM PILOT DESIGN IN NARROW-BAND SYSTEMS
A commonly used pilot design metric is to minimize the channel estimation MSE. Quasi-periodic placement of pilot symbols is considered to be optimum in terms of minimizing estimation MSE in fast time varying fading [64] , [65] .
Based on the equally-spaced pilots, the MSE of minimum mean squared error (MMSE) channel estimation is studied through asymptotic analysis in [63] , where the channel estimation MSE is expressed as closed-form expressions of parameters such as the Doppler spread and the percentage of pilot symbols. As expected, the MSE is a monotonically decreasing function in pilot percentage, which means more pilots provide a more accurate channel estimation result. Besides optimum pilot percentage, power allocation between data and pilot symbols provides extra performance gains to channel estimations [66] , [67] . More energy to the pilot symbols leads to a lower channel estimation MSE [63] , [66] .
Lower MSE does not necessarily mean a better overall performance due to the energy and spectral overhead caused by the pilot symbols. This motivates pilot designs with other performance metrics, such as the error probability and the spectral efficiency. In [66] and [68] , the analytical symbol error rate (SER) of high mobility systems operating in the presence of channel estimation errors is derived. The results reveal that under a total power constraint, allocating excessive power to pilot symbols will degrade SER even though the MSE is monotonically decreasing in pilot power. The pilot designs are performed with respect to spectral efficiency by considering both pilot percentage and power allocation [65] , [69] , [70] . It is shown in [70] that the optimum pilot percentage that maximizes spectral efficiency is the Nyquist rate of the channel.
2) OPTIMUM PILOT DESIGN IN BROADBAND SYSTEMS
For doubly selective fading channels, intersymbol interference (ISI) in the time domain or intercarrier interference (ICI) in the frequency domain imposes additional challenges to optimum pilot designs [71] . The key idea of pilot designs in broadband systems is to maintain the orthogonality between pilot and data symbols at the channel output [72] . The orthogonality condition can be met with three pilot patterns: time-domain Kronecker delta (TDKD) family, frequencydomain Kronecker delta (FDKD) family, and linear chirp sequences. In TDKD, pilots are clustered in the time domain with guard symbols to avoid ISI. In FDKD, pilots are clustered in the frequency domain with guard subcarriers on adjacent bands to avoid ICI. The TDKD and FDKD schemes are shown in Fig. 3 .
With TDKD and FDKD, it is shown in [73] that equally spaced pilot clusters are optimum in terms of channel estimation MSE in doubly selective channels. The TDKD pilot structure is used to maximize the average channel capacity [74] or minimize MSE [75] . It is shown in [74] that maximizing capacity or minimizing MSE results in the same optimum training sequence.
In OFDM, comb-type pilot patterns can be placed on the 2-D time-frequency grid to cope with the fast channel variations. As shown in 
FIGURE 4. Scattered pilots (a)
of pilot symbols embedded in OFDM systems over rapidly fading channels are optimized to minimize MSE or maximize channel capacity in [76] , where the channel is assumed to be time-invariant in one OFDM symbol, and time varying from symbol-to-symbol.
In high mobility OFDM systems, the channel varies within one OFDM symbol and this will cause strong ICI, which is the frequency-domain dual of ISI. Thus many time domain designs can be mirrored into the frequency domain designs in OFDM. Based on the orthogonality condition in [72] , the FDKD pilots are considered for frequency domain pilot designs [59] , [77] , [78] . For FDKD pilots, the pilot sub-carriers are grouped as clusters, with one active pilot surrounded by guard sub-carriers to reduce or remove ICI. The cluster size is determined by the maximum Doppler spread [72] , [78] . To increase the spectral efficiency, based on the clustered comb pilots, pilot clusters consisting of more than one non-zeros pilots are proposed in [79] . The optimum length of the active pilots and the length of the guard pilots are analyzed for different Doppler spreads with a BEM channel model [59] .
B. PILOT-AIDED CHANNEL ESTIMATION ALGORITHMS
Channel estimations can be performed either through the direct estimation of the fading coefficients, or through dimension reduction techniques that transform fading coefficients to a lower dimensional domain. In high mobility systems, the number of channel coefficients to be estimated increases dramatically due to fast channel variation, and this necessities the development of dimension reduction techniques. In this subsection, we will summarize various channel estimation algorithms that utilize low dimensional channel representation techniques.
1) LEAST SQUARES ESTIMATION
The least squares (LS) channel estimation does not require knowledge of priori channel statistics, and it is widely adopted in practical systems for its simplicity. In high mobility channel estimations, LS combining BEM is adopted to estimate the channel coefficients in a low dimensional domain. A windowed LS (WLS) estimator with BEM is proposed in [79] and it shows a good estimation accuracy at the high SNR range. In OFDM systems, the channel coefficients can be either estimated in the time domain, or in the frequency domain, or the combination of the two. In [80] , the frequency domain channel coefficients of pilot sub-carriers are first estimated, and they are then transformed to the time domain to further reduce the noise by selecting the significant taps. The combination of estimations in the time and frequency domains renders a better resistant to noise.
2) LINEAR MMSE (LMMSE) ESTIMATION
The LMMSE (or Wiener filter) utilizes the prior statistics of the channel fading during the estimation process, and it usually results in a better performance than the LS algorithms, at the cost of a higher complexity.
When the second-order statistics of the channel coefficients are known perfectly, the exact MSE of LMMSE channel estimation is expressed as a closed-form function of a number of system parameters, such as the maximum Doppler spread, the percentage of pilot symbols, and the power allocation between pilot and data symbols [63] , [66] , [68] . It is discovered that, if the pilots sample the channel at a rate no less than its Nyquist rate, then the estimation of the channel coefficients of the data symbols through temporal interpolation yields the same MSE as the direct estimation of the channel coefficients of pilot symbols.
The complexity of LMMSE estimation is mainly caused by the inverse of the channel covariance matrix, which is usually large in a high mobility environment. The complexity can be reduced by using a low rank approximation of the channel covariance matrix. Specifically, the covariance matrix can be approximated by identifying its dominate subspace with the help of eigenvalue decomposition, and eigenvalues less than a threshold can be ignored to achieve a low rank approximation [81] - [84] . Since the channel statistics changes much slower than the channel coefficients, the complexity of LMMSE estimation can be reduced significantly.
An alternative way for dimension reduction is to apply LMMSE with BEM to reduce the number of parameters to be estimated. In [59] , [73] , [77] , [85] , and [86] , the LMMSE is performed over the BEM of the channel coefficients in the time domain. For a doubly selective fading channel with L taps, the number of BEM coefficients to be estimated is 2 f D NT s L, where N is the number of time domain samples and T s is the sample period. The number of BEM coefficients is usually much less than the number VOLUME 4, 2016 of time domain samples NL. The BEM can also be applied to frequency domain channel coefficients, and it results in a strictly banded frequency domain channel matrix, where the width of the band is determined by the maximum Doppler shift [59] , [77] , [85] , [86] .
LMMSE channel estimation requires the knowledge of the second-order statistics of both channel and noise, and this information is usually unavailable at the receiver. This problem can be partly addressed by using the so-called robust channel estimators, which use a generic reference model for the channel statistics. A uniform power delay profile is assumed in [83] . In [87] , a rectangular power delay profile is used, and the model mismatch errors between the reference and true channel models are analyzed in [87] . A delay-Doppler scattering function prototype with flat spectrum in a 2-D region is used in [82] . The above reference channel models are insensitive to variations in channel statistics and are relatively simple to implement.
3) RECURSIVE ESTIMATION
Instead of using the priori information of channel statistics explicitly, adaptive filters can follow the channel statistics and adapt their coefficients to track the channel characteristics. The statistic tracking capability of adaptive filters is especially important to high mobility channels, which are usually non-stationary and with time-varying channel statistics.
Recursive least-squares (RLS) filters can be used to track the time-varying statistics of high mobility systems [60] , [88] . RLS-based filters employ three basic iterative steps: initializing the filter parameters, computing estimation errors, and updating the filter coefficients. A 2-D RLS filter is proposed in [89] by tracking the channel statistics of doubly-selective fading channels in both the time and frequency domains.
Another commonly used recursive estimation algorithm is the Kalman filter, which can provide accurate tracking of the dynamic high mobility channels. A Kalman filter is a recursive algorithm consisting of a predictor and a corrector stage in each iteration. In the predictor stage, the current state, i.e., the CSI and the error covariance are estimated based on an evolution model, which is usually the first order AR model as in (4) . The output of the predictor stage is used as priori inputs to the corrector stage. In the corrector stage, the priori input is combined with a new measurement, i.e., the observed pilot, to obtain an improved a posteriori estimate of the channel. The measurement could be either from the time domain, the frequency domain, or both.
In high mobility systems, the state model in (4) describes a symbol-to-symbol variation of the channel coefficients. In this case, the Kalman filter cannot be directly applied because it will require a pilot symbol for each state update. This problem can be solved by using the BEM model, where the BEM coefficients are time-invariant in a block, but evolve from block to block. Tracking the BEM coefficients rather than the channel tap gains makes the symbol level variation becomes block level.
In summary, the RLS algorithm is a special case of the Kalman filter for a stationary state-space model. The application of Kalman filter relies on the prior knowledge of the channel covariance. Hence, the Kalman filter approach can provide better tracking properties in fast-fading channels with the dynamic state-space model. However, both the RLS algorithm and the Kalman based algorithms are computation intensive due to the slow recursive procedure.
C. CONCLUDING REMARKS
The estimation and tracking of high mobility channel are discussed in this section by considering both optimum pilot designs and various channel estimation algorithms. The unique challenges of high mobility channel estimations are dealt with from the following three aspects. First, low dimensional channel representation, such as BEM or eigenspace approximation, can significantly reduce the channel estimation complexity. Second, adaptive channel estimation algorithms can track the time-varying statistics of high mobility channels, and provide accurate estimation and tracking of non-stationary channels. Third, the effects of ICI caused by fast time-varying fading can be efficiently suppressed by employing pilot patterns with guard intervals. The common channel estimation algorithms are summarized in Table 2 .
The future research on high mobility channel estimation includes the following aspects. First, how to balance the tradeoff between the pilot overhead and the estimation performance in non-stationary high mobility systems remains an important problem. Both theoretical results and practical designs are needed to achieve the optimum overheadperformance tradeoff by taking into considerations of the non-stationarity of the high mobility channels. Second, theoretical guidelines are needed regarding the optimality of pilot placements and channel estimation in various domains. Channel estimations can be performed in the time domain, frequency domain, or other transform domains. In highly dispersive high mobility channels, there is severe ISI in the time domain and strong ICI in the frequency domain. Thus the choice of the domain to perform channel estimation should take into considerations of various parameters, such as delay spread, Doppler spread, and the estimation complexity, etc. Third, low complexity algorithms are needed to provide accurate tracking of non-stationary high mobility channels. Existing adaptive algorithms usually have high computational complexities due to their iterative nature.
IV. DOPPLER DIVERSITY TRANSMISSIONS
In high mobility systems, the fast time variation of the fading channel can be utilized to provide time diversity or Doppler diversity, given that signals are dispersed in the frequency domain due to the Doppler effects. The Doppler effects provide an additional degree-of-freedom that can provide significant performance gains to high mobility communications.
In this section, we will provide an overview of Doppler diversity transmissions by seeking answers to the following two questions: what is the maximum Doppler diversity achievable in a high mobility system? And how to design practical high mobility communications that can achieve the maximum Doppler diversity transmissions? Both questions will be answered by considering two scenarios: systems with perfect CSI, and systems with imperfect CSI. In high mobility systems, due to the fast time variation of the fading channel, channel estimation errors are usually non-negligible and might have significant impacts on system performance and design. Therefore we will study the impacts of imperfect CSI on the design and performance of Doppler diversity systems.
A. FUNDAMENTAL PERFORMANCE LIMITS
In this section we study the fundamental performance limits of Doppler diversity transmissions, for systems with or without perfect CSI.
1) DOPPLER DIVERSITY WITH PERFECT CSI
The diversity order of a wireless communication system is defined as
where γ is the SNR and P(E) is the error probability. With the above definition, it can be shown that the diversity order of a system with correlated channel coefficients equals to the rank of the channel covariance matrix. Specifically, the Doppler diversity order is the rank of the covariance matrix of the time-varying channel coefficients, and the covariance matrix is determined by the maximum Doppler spread f D , the sampling period T s , and the number of samples N . In [90] , the time-varying frequency flat fading channel is represented by using a BEM model with order Q = 2 Nf D T s . The corresponding Doppler diversity order is Q + 1. The above results are extended to doubly selective fading in [91] , where the maximum Diversity order (including both Doppler diversity and multipath diversity) is shown to be (Q+1)(L+1), where L is the order of basis in the multipath domain.
In a MIMO system with N t transmit and N r receive antennas, the maximum diversity order of the system with flat fading is shown to be N t N r (Q + 1), the product of the space diversity and Doppler diversity [92] . For a MIMO system that experiences doubly selective fading, the maximum diversity order is N t N r (Q + 1)(L + 1) [93] . That is, full diversity in space, time, and multipath domains can be achieved simultaneously with properly designed precoders. It should be noted that the Doppler diversity orders in all above works are represented as integers due to the limit of the BEM model, the order of which has to be an integer.
2) DOPPLER DIVERSITY WITH IMPERFECT CSI
The presence of channel estimation errors might degrade the achievable Doppler diversity in high mobility systems. There is a fundamental tradeoff between maximum achievable Doppler diversity order and channel estimation errors in high mobility systems. A larger f D means a higher potential Doppler diversity, but also a larger channel estimation MSE, which might degrade the achievable Doppler diversity. The impacts of both channel estimation errors and Doppler diversity for code division multiple access (CDMA) systems are studied in [94] , where an approximate of the error probability is expressed as a function of the channel estimation MSE.
The fundamental tradeoff between Doppler diversity and channel estimation errors is identified in [95] by performing asymptotic analysis of a pilot assisted transmission system. Since the Doppler diversity order is linearly proportional to the time duration, it is normalized with respect to time. Let γ p and γ d denote the SNR of pilot and data symbols, respectively. If γ p = O(γ ξ d ) and the pilot samples the channel at its Nyquist rate, the maximum Doppler diversity order in unit time is [95] 
The result indicates that, if the energy of the pilot and data symbols scales linearly with each other, that is, ξ = 1, then the normalized Doppler diversity order per unit time is 2f D , which is the same as that of systems with perfect CSI. Therefore, systems with imperfect CSI can achieve the same Doppler diversity order with systems with perfect CSI, and the presence of channel estimation errors will not degrade Doppler diversity. On the other hand, when ξ = 1, the Doppler diversity order of system with imperfect CSI is strictly worse than that of system with perfect CSI. Specifically, when ξ < 1, there is not enough energy to pilot symbols, and the performance is dominated by channel estimation errors. When ξ > 1, too much energy is allocated to pilot symbols, and the performance degradation is due to energy overhead from pilot symbols.
Even though systems with imperfect CSI can achieve the same diversity order as systems with perfect CSI, there is always a non-diminishing gap between the two systems in terms of error probability, and this gap can be quantified by using the SNR difference between the two systems under the same error probability. Consider two systems, one with perfect CSI and the other with imperfect CSI. If the two systems have the same Doppler diversity order and the same error probability, then the minimum SNR gap between the two systems is [95] 20 log 10 
where T s is the symbol period. This minimum SNR gap is achieved when
The gap is an increasing function in f D , which means a higher Doppler spread results in a larger SNR loss for systems with imperfect CSI. This is due to the fact that more pilot overhead is needed for systems with larger Doppler spread. The SNR gap will be 0 only in quasi-static channels with f D = 0. repetition code. The bit error rate (BER) curve obtained with ξ = 1 has the same slope as the one with perfect CSI, thus the same diversity order. The BER curves obtained with ξ = 2 or ξ = 0.5 have the same Doppler diversity order, which is about half of that with ξ = 1 as predicted by (6) . In addition, even though the BER with ξ = 1 has the same slope (thus diversity order) as the perfect CSI case, there is always a gap between the two curves, and the gap increases as f D T s increases.
The results in (6) and (7) reveal the fundamental performance limits of Doppler diversity systems operating in the presence of imperfect CSI, and they can be used to guide the design of practical systems.
B. PRACTICAL DOPPLER DIVERSITY TRANSMISSIONS
This section reviews the designs of practical Doppler diversity transmission schemes with or without perfect CSI.
The basic idea of Doppler diversity transmission is to spread one information symbol over a time duration longer than the channel coherence time, such that the symbol experiences independent fading in the time domain. This can be achieved by performing precoding at the transmitter. In addition, the symbol period in multi-carrier systems is in general much longer than single-carrier systems with the same symbol rate. If the symbol period is longer than the channel coherence time, Doppler diversity can be achieved by multi-carrier system without precoding. We will focus on Doppler diversity transmissions in single-carrier system in this section. The design and performance of multi-carrier high mobility systems will be discussed in Section V.
1) PRACTICAL DOPPLER DIVERSITY TRANSMISSIONS WITH PERFECT CSI
The maximum Doppler diversity order can be achieved by performing linear block precoding. The design criteria for linear precoders that can achieve the maximum Doppler diversity order is presented in [90] . It is shown that under a complex exponential BEM model, a linear precoder ∈ C N ×K can achieve the maximum Doppler diversity if and only if there exist at least Q + 1 non-zero entries in e, ∀e = 0, where Q = 2 f D NT s is the order of the BEM model, and K and N are the block length before and after precoding, respectively. Based on the above design criteria, several precoders are proposed in [90] . The tall Vandermonde precoder can achieve the maximum Doppler diversity for any modulation schemes, at the cost of some spectral efficiency loss because the coding rate is K N < 1. A class of rate-1 square Vandermonde precoders with K = N can achieve the maximum Doppler diversity for QAM constellations. A rate-1 Doppler domain multiplexing (DDM) scheme proposed in [96] can approach the performance of a maximum Diversity system, and it is constellation independent.
The above precoders are developed for SISO time-varying flat fading channel. The precoder designs for system with doubly selective fading are discussed in [91] and [97] , where the Doppler and frequency diversity can be obtained simultaneously. Space-time-Doppler block coding are proposed for MIMO flat fading channel to achieve both space diversity and time diversity [93] .
2) PRACTICAL DOPPLER DIVERSITY TRANSMISSIONS WITH IMPERFECT CSI
There are limited works devoted to the design of Doppler diversity transmissions with imperfect CSI. The performance of Doppler diversity transmission with imperfect CSI is studied in [94] , where the Doppler diversity is achieved by means of spreading spectrum operations. In [98] , the maximum Doppler diversity transmission in doubly selective fading is discussed with a semiblind scheme, where the receiver does not have the knowledge of the CSI. The signal at the receiver is decoded with a decision feedback equalizer (DFE), and the coefficients of the DFE and the information symbol estimates are refined recursively by using normalized leastmean-squares (NLMS) adaptation.
It has been shown in [99] that the presence of channel estimation errors might destroy the optimality of transceivers designed for systems with perfect CSI. Therefore new transceivers need to be developed by considering channel estimation errors. The statistical properties of channel estimation errors are explicitly considered in the optimum designs of several Doppler diversity systems [100] - [102] . In [100] , the maximum Doppler diversity is achieved with a simple repetition code at the transmitter and an optimum combining receiver that considers the effects of channel estimation errors. The spectral efficiency of the repetition code is low. A spectral efficient Doppler diversity system with imperfect CSI is developed in [101] and [102] . Optimum and low complexity sub-optimum receivers are developed in [101] and [102] by considering channel estimation errors. The error probability of the system are expressed as explicit functions of channel estimation errors and Doppler shift, and they reveal the fundamental tradeoffs between Doppler diversity and channel estimation errors.
C. CONCLUDING REMARKS
Doppler diversity transmissions in high mobility systems are reviewed in this section from two aspects: fundamental performance limits and practical designs of Doppler diversity systems. It has been shown that there is a fundamental tradeoff between channel estimation errors and Doppler diversity order, given that fast time-varying fading means a higher Doppler diversity order, but it is more difficult to estimate and track the channel in high mobility scenarios. With properly designed pilot symbols, systems with imperfect CSI can achieve the same Doppler diversity order as those with perfect CSI, but there is always a non-diminishing SNR gap between systems with and without perfect CSI. The maximum Doppler diversity can be obtained in practical systems by designing various linear precoders and optimum receivers that take into considerations of channel estimation errors.
One important future research direction is the development of Doppler diversity transmissions for multiuser multi-carrier multi-antenna systems. In multi-carrier systems, fast time-varying fading introduces both Doppler diversity and ICI. In multi-user multi-antenna systems, the precoder designs usually require the knowledge of the CSI at the transmitter (CSIT), which is a daunting task for high mobility systems. In addition, there will be multiuser interference (MUI) and multiplexing interference (MI) among signals from different antennas. The Doppler diversity transmissions need to be developed in the presence of ICI, MUI, MI, and taking into consideration of channel estimation errors at the receiver and channel aging at the transmitter. The Doppler diversity transmission schemes should be developed to balance the tradeoff among a number of factors, such as energy efficiency, spectral efficiency, imperfect CSI, interference, and system complexity, etc.
V. MULTI-CARRIER COMMUNICATIONS IN HIGH MOBILITY SYSTEMS
Multi-carrier modulation (MCM) has been used by a large number of current and next generation wireless communication standards due to its robustness against frequency selective fading. The most popular MCM scheme is OFDM, which modulates multiple narrow-band data streams onto orthogonal subcarriers. With the insertion of CP, OFDM system can completely remove the effects of ISI. Conventional OFDM systems are originally designed for quasi-static block fading channel, where the channel remains constant over an entire OFDM symbol period.
In high mobility systems, the quasi-static fading assumption is no longer valid, and the fading coefficients might change inside one OFDM symbol. The large Doppler shift and fast fading variation will destroy the orthogonality among the sub-carriers, thus introduce ICI. In high mobility OFDM systems, ICI can be introduced by two possible sources. The first source is the carrier frequency offset (CFO) caused by time-varying Doppler shifts and oscillator instability. The second source is the time-variation of the fading coefficients inside one OFDM symbol. We will discuss the effects of both CFO and fast fading variation, and the corresponding countermeasures.
A. CARRIER FREQUENCY OFFSETS
In high mobility systems, the carrier frequency of the received signal will be shifted from its original value due to the effects of Doppler shifts, which usually change with respect to time. If the receiver cannot accurately estimate the timevarying Doppler shifts, then there will be a mismatch between the carrier frequency of the received signal and the carrier frequency generated by the local oscillator, and this causes CFO. CFO can also be caused by the instability of the local oscillators at the transmitter and/or receiver. CFO will destroy the orthogonality in OFDM systems, and introduce ICI. Thus it is important for the receiver to accurately estimate and compensate the effects of CFO.
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Consider an OFDM system with N subcarriers. Given frequency offset ν, the signal received on the k-th subcarrier can be written as [103] - [106] 
where Y k , X k , and W k are the received sample, transmitted symbol, and AWGN in the k-th subcarrier, respectively,
N sin(πν/N ) e jπν(N −1)/N with H k being the frequencydomain channel coefficient at the k-th subcarrier. The ICI term I k can be written as
The power of ICI increases as the CFO increases, and it is clear that I k = 0 if ν = 0. The CFO can be estimated and compensated at the receiver, thus ICI caused by CFO can be removed with accurate CFO estimation. Below we review several CFO estimation methods.
1) BLIND CFO ESTIMATIONS
Blind CFO estimations are performed by utilizing the special structure of the transmitted signals [107] . They do not need redundancies such as training sequences, guard intervals, or pilots. A minimum output variance (MOV) CFO estimator is proposed in [108] , where the CFO is estimated and compensated based on the fact that the variance of the signal amplitudes across different subcarriers should be very small when the CFO is properly compensated. A similar approach is used in [109] , where the CFO is estimated and compensated by using the variance of the signal power on different subcarriers. In [110] , the CFO is estimated by minimizing the power difference between all subcarriers in two consecutive OFDM symbols. A decision-directed (DD) CFO estimation method is proposed in [111] , and it is shown that the DD scheme outperforms data-aided schemes in terms of fine CFO traking. Both [110] and [111] are developed under the assumption that the channel remains constant in two consecutive OFDM symbols. In high mobility systems, the CFO might change from symbol to symbol. A subspace-based blind CFO estimation algorithm is proposed in [112] . The subspace-based method needs only one OFDM symbol to achieve CFO estimation, thus it can efficiently track the fast time variation of the CFO.
2) REDUNDANCY-BASED CFO ESTIMATION
The CFO can be estimated by using redundant information embedded in OFDM symbols. The redundant information can be preambles in communication standards, specially designed CP [113] - [115] , pilot symbols and training sequences, or null subcarriers that do not transmit any information [116] - [118] . Most CFO estimations are performed in two stages: a coarse acquisition stage performed before the fast Fourier transform (FFT) at the receiver, and a fine tracking stage performed in the frequency domain after the FFT. Preambles and CP are usually used by the pre-FFT CFO acquisition stage, while pilots and null subcarriers are usually used by the post-FFT CFO tracking stage [103] , [119] - [124] .
The two-stage acquisition and tracking procedure can achieve rapid and accurate CFO estimation and compensation [119] . During the acquisition stage, a coarse estimate of the CFO is usually obtained by using ML estimation [119] , [125] . The CFO may initially be large. After the acquisition stage, only a small residual CFO remains. During the tracking stage, pilots are used to refine the coarse estimates to counteract the residual CFOs or shortterm CFO variations due to time-varying Doppler shifts. The tracking stage is usually performed in the frequency domain, where the residual CFO is estimated by measuring the phase difference between two consecutive OFDM symbols. The phase difference based approach is simple and effective and widely implemented in practical systems [119] . The estimation accuracy can be further improved by computing the weighted average of the estimated CFO over all the pilot subcarriers [126] . All above frequency domain CFO tracking methods require the channel remain constant during two consecutive OFDM symbols.
The CFO is often jointly estimated with other parameters, such as phase noise and CSI [118] , [127] - [131] . In [118] , a joint CFO, phase noise, and channel transfer function (CTF) estimation algorithm is presented. The integer part of the CFO is estimated by using frequency domain samples, and the fractional part of the CFO is estimated by using the phase difference of the time domain training symbols. In [128] , an optimum maximum a posteriori (MAP) estimator is proposed to jointly estimate the CSI, CFO, and phase noise, by utilizing the prior statistical knowledge of the phase noise. An iterative method is proposed in [129] to jointly estimate the doubly selective channel and the CFO within the framework of expectation-maximization (EM). The approach is developed with the BEM channel model, and it is designed specifically for high mobility systems. Recently, recursive algorithms, such as RLS filter [132] , recursive ML estimator [133] , and Kalman filter [134] , are employed to achieve more accurate CFO estimations in fast time-varying fading channels.
B. INTERCARRIER INTERFERENCE
ICI is one of the main performance limiting factors for OFDM systems operating in high mobility scenarios. ICI caused by CFO can be compensated by means of CFO estimation as described in the previous subsection. Another major source of ICI in high mobility systems is the time variation of the fading inside one OFDM symbol.
1) ICI DUE TO HIGH MOBILITY
The received OFDM signal in the frequency domain can be represented as The off-diagonal elements of H have two opposite effects on system performance. On one hand, they introduce ICI, which degrades system performance. On the other hand, the symbol x k can be considered as equivalently transmitted over 2 Nf D T s + 1 subcarriers with channel vector h k , which is the k-th column of H, and this introduces Doppler diversity [135] , [136] . Consequently, Doppler diversity is inherent in multicarrier communications. Therefore, we need to design effective algorithms that can remove the negative impacts of ICI, and simultaneously collect the benefits of Doppler diversity.
2) JOINT ICI CANCELLATION AND DOPPLER DIVERSITY COLLECTION
The optimum receiver for the OFDM system in (10) is to exhaustively search all possible vectors x ∈ S N that minimizes the cost function y−Hx 2 . The optimum receiver can fully collect the Doppler diversity and remove the negative impacts of ICI, but at the cost of a prohibitive complexity for systems with larger constellation size and/or large N . Cai and Giannakis [136] develop a matched-filter bound (MFB) for OFDM transmissions over doubly selective Rayleigh fading channels. The MFB benchmarks the best possible performance if ICI is completely canceled without noise enhancement. A low-complexity MMSE-DFE (decision-feedback equalizer) receiver is also given in [136] to collect the diversity by ICI suppression. Other types of ICI cancellation schemes, such as Hybrid interference cancellation (IC), multi-stage successive interference cancellation (SIC), and fractionally sampling based IC, are developed to improve the performance of OFDM systems in doubly selective fadings [137] - [139] .
The complexity of ICI cancellation can be reduced by exploiting the banded structure of H. One of the main complexity sources of IC is the matrix inversion. In [140] , the matrix inversion during IC is performed with the Newton's iteration method by using the special structure of H. A sequential detection method with a parallel-filtering architecture is proposed in [141] to avoid matrix inversion. A preprocessing scheme is introduced in [142] to further squeeze ICI into a few coefficients to reduce complexity. In [143] , a low complexity soft MMSE equalizer is designed by using the banded structure of the frequency domain channel matrix.
Even though Doppler diversity is inherent in OFDM systems, uncoded OFDM systems usually cannot collect frequency diversity, because independent data streams are transmitted over different subcarriers. An oversampled OFDM (OOFDM) structure is proposed in [135] to collect both Doppler diversity and frequency diversity in doubly selective channels. Oversampling in the time domain renders an equivalent system model where each data stream is transmitted over multiple subcarriers. In [144] , a bit-interleaved time-frequency coded modulation (BITFCM) is used to collect diversity in both time and frequency domains. It is shown that ICI caused by high Doppler spread might seriously degrade system performance, thus ICI cancellation is necessary to achieve a good performance in high mobility systems. The analytical diversity order of BITFCM-OFDM system is studied in [145] . All above works assume perfect CSI that might not be available in high mobility systems.
A large number of works are devoted to the joint channel estimation and data detection in OFDM systems [146] - [154] . In [147] , a general framework is proposed for controlled ICI removal and channel acquisition. The scheme allows tradeoff between the residual ICI, the training overhead, and complexity. In [151] , the ICI coefficients are directly estimated by using the correlation properties of the channel, and it is shown to be robust over different channel conditions. Joint ICI mitigation with pilot-aided OFDM can also be performed by using iterative methods [148] , [153] , [155] or MAP equalizers [152] , all achieve good performance in doubly selective fading.
C. MOBILITY ADAPTATION
A new concept of mobility adaptation is proposed for high mobility OFDM systems in [156] , where various system parameters, such as the number of subcarriers, data rate, and transmission power, can be dynamically adjusted and optimized based on the movement speeds. It is well known that adaptive communications can effectively adapt to the variations of the fading channel by adjusting various system parameters according to the channel conditions [84] , [157] - [160] . However, adaptive communications require the precise knowledge of CSI at the transmitter, which is difficult to obtain for high mobility systems due to fast fading variations and feedback delays. Mobility adaptation, on the other hand, adjusts system parameters based on the knowledge of speed or Doppler spread, which indirectly and approximately reflects the rapidly time-varying channel characteristics, and can be easily estimated at both the transmitter and receiver. Since the performance of conventional adaptive communication relies heavily on the accuracy of the CSI at the transmitter, it has been shown in [156] that mobility adaptation outperforms conventional adaptive communications with imperfect CSI when the speed is high.
The basic idea of mobility adaptation is to adjust various system parameters to balance the tradeoff between performance gains and the detrimental impacts of ICI. In [156] , the number of subcarriers is dynamically adjusted based on the Doppler spread, such that less subcarriers are used for systems with higher Doppler spread. At a given subcarrier bandwidth, reducing the number of subcarriers will reduce the power of ICI, at the cost of a larger percentage of overhead due to CP. In Fig. 7 , the average spectral efficiency (ASE) is shown as a function of the number of subcarriers under different mobile speed by using mobility adaptation [156] . The figure shows that the ASE is quasiconcave with respect to the number of subcarriers. The ASE of a system with higher speed is less than that of a system with lower speed. Similarly, the transmission power can also be adjusted based on speed [161] . At a given speed, a higher transmission power means high power for both signal and ICI, and the ICI power increases with speed. Thus the optimum power for a given can be obtained by considering the tradeoff between signal power and ICI power. It is discovered in [161] that the optimum power is a decreasing function in movement speed.
D. CONCLUDING REMARKS
This section reviews multicarrier communications in high mobility scenarios. Three aspects are considered, CFO, ICI, and mobility adaptation. CFO is caused by the time-varying Doppler spreads and the local oscillator instability, and it is present in both high mobility and conventional systems. If not properly compensated, CFO will cause ICI that seriously degrades system performance. CFO can be estimated and compensated at the receiver, and various CFO estimation algorithms are reviewed in this section. Another source of ICI is the time variation of the fading coefficients inside one OFDM symbol, and it is unavoidable in doubly selective fading. On the other hand, ICI can also be exploited to collect the Doppler diversity inherent in high mobility channels. We have reviewed a large number of joint ICI suppression and Doppler diversity collection schemes. Finally, mobility adaptation can adjust various system parameters, such as the number of subcarriers, data rate, and power, based on the movement speed, without the knowledge of CSI. It can balance the tradeoff between various performance gains and ICI, thus achieve significant performance gains over conventional schemes.
Since many future wireless communication standards rely on multicarrier communications and OFDM, it is important to develop new multicarrier systems that can effectively cope with the challenges and opportunities provided by high mobility scenarios. One important research direction is the development of joint ICI suppression and Doppler diversity system that can operate with imperfect CSI. Imperfect or outdated CSI might have significant impact on the performance of OFDM systems, and it will also affect the transceiver structure. Therefore it is important to develop new multicarrier techniques that can operate effectively in doubly selective fading and are robust against imperfect CSI. Another important direction is the development of mobility adaptation schemes that can collect Doppler diversity. Existing mobility adaptation schemes do not consider the gains that can be provided by Doppler diversity, which can provide an extra degree-of-freedom in mobility adaptations.
VI. NON-COHERENT DETECTIONS
Non-coherent detection is an attractive technique for high mobility communications because CSI is not needed at either transmitters or receivers. They only need to know the channel statistics, which change much slower compared to the fading coefficients [162] - [165] . We will review non-coherent detection in high mobility systems from the aspects of both information theory and practical implementations.
A. NON-COHERENT CAPACITY IN HIGH MOBILITY SYSTEMS
It is well known that, if the receiver has perfect CSI, the capacity of a coherent MIMO system with M transmit antennas and N receive antennas grows linearly in min(M , N ) [166] . The coherent capacity at the high SNR regime can be expressed as (12) where ρ is the SNR, and O(1) indicates a bounded function of ρ when the SNR is sufficiently large.
Lack of knowledge of CSI will in general degrade the channel capacity. The non-coherent capacity of systems with block fading is studied in [164] and [167] - [169] , where the channel remains constant over a block of T symbols and changes independently from block to block. Under the block fading assumption, Marzetta and Hochwald [167] conclude that increasing the number of transmit antennas beyond T cannot further increase the capacity, and a unitary space-time modulation (USTM) is proposed for systems with M < T [168] . Zheng and Tse [164] show that the noncoherent capacity behaves in the high SNR regime as
where M * = min{M , N , T /2 }. The asymptotic capacity pre-log is maximized by using M = min{N , T /2}. Comparing (12) with (13) shows that the capacity loss due to the lack of channel knowledge becomes larger as the coherence time T becomes smaller. In high mobility and/or large scale MIMO systems with T < M + N , it is shown by Yang et al. [169] that USTM is not capacity achieving in the high SNR regime, and the capacity achieving signal is a Beta-variate space-time modulation (BSTM) scheme.
The non-coherent capacity of more general MIMO flat fading channels is studied in [170] - [173] . Lapidoth and Moser [170] prove that the non-coherent capacity grows double-logarithmically with SNR for general fading with memory. The non-coherent capacity of a time-varying block fading model are studied in [171] and [173] , where the channel changes correlatively inside a block of length T , and independently across blocks. In the high SNR regime and with symbol-spaced sampling, Liang and Veeravalli [171] prove that the capacity pre-log is
for Q < T , where Q is the rank of the correlation matrix of the channel gains inside a block of length T . Dorpinghaus et al. [173] point out that the symbol-spaced sampling used in [171] is not capacity achieving. It is shown in [173] that the capacity pre-log is at least
T if an oversampling factor of two is used at the receiver. Comparing this result to (13) indicates that the noncoherent capacity of time-varying block fading can be at least as good as that of quasi-static block fading.
The bounds of the non-coherent capacity of WSSUS channels are given in [165] , [172] , and [174] , where the channel is assumed to be underspread, that is, the product of the channel's delay spread and Doppler spread is small. The capacity bounds are shown as explicit functions of the channel's scattering function. It is shown that, if the input signals are under a peak constraint in both time and frequency, then the non-coherent capacity bounds are maximized at a large but finite bandwidth. Beyond this critical bandwidth, additional bandwidth is detrimental and the capacity approaches zero as bandwidth increases further [174] .
B. NON-COHERENT DETECTIONS
The practical implementations of non-coherent detection schemes are discussed in this subsection. With non-coherent detection, the receivers do not have knowledge of the values of the fading coefficients or the CSI, but they know the statistics of the fading channel.
1) DIFFERENTIAL MODULATION AND DIFFERENTIAL DETECTION
Differential modulation and differential detection is the most popular technique for non-coherent detections. In differential modulation, the information symbol is encoded in the difference between two consecutively transmitted symbols. Most differential modulation uses phase modulation, such as M -ary differential phase shift keying (M -DPSK). The information symbol is encoded as the phase difference between two consecutively transmitted symbols as c k = c k−1 s k , where s k ∈ S = {e j2πm/M |m = 0, · · · , M − 1} is the information symbol, and c k is the differentially modulated signal. In flat fading channel, the k-th received sample can be represented as
where h k is the fading coefficient, and w k is additive white Gaussian noise (AWGN) with variance σ 2 w . The differentially modulated symbols can be detected either coherently or non-coherently [175] .
In two-symbol differential detection for M -DPSK, The information symbol is detected by identifying the phase difference between two consecutively received symbols aŝ
whereŝ k is the detected symbol and S is the modulation constellation. The two-symbol differential detection is based on the assumption that the channel keeps constant over two consecutive symbol periods, that is, h k ≈ h k−1 , such that the two consecutive symbols have the same phase distortions from the channel. When this assumption is true, it is well known that two-symbol differential detection suffers a 3 dB loss compared to coherent detection, because the two-symbol detection process introduces twice as much as noise as the coherent detection process [175] . When the CSI changes from symbol to symbol in fast fading channel, the performance loss is much worse and error floor occurs. The error floor of two-symbol differential detection can be removed by using multi-symbol differential detection (MSDD), where N consecutively received samples are used to jointly detect N −1 information symbols [176] - [178] . Denote a sequence of N consecutively received samples as y = [y 1 , · · · , y N ] T , which can be expressed as
where C = Diag{c} is a diagonal matrix with the elements of c on its main diagonal, and c = [c 1 , 
where R = E[hh H ] + σ 2 w I N , and I N is a size N identity matrix. The ML detection can be achieved by exhaustively searching all possible M N −1 combinations of vector s corresponding to all possible vectors of c.
The MSDD scheme requires only the second order statistics of the fading channel. It does not require the assumption that adjacent channel coefficients are approximately the same, and it can remove the error floor of two-symbol differential detection even with N = 3. It has been shown in [177] that the performance of ML detection of MSDD approaches that of coherent detection as N becomes large. In addition, MSDD performs very well even if the receiver has imperfect knowledge of the second order statistics of the channel. In the mean time, the complexity of ML detection for MSDD grows exponentially with M and N . The complexity can be reduced by using a multi-symbol differential sphere decoding (MSDSD) scheme [178] , the complexity of which is orders of magnitude below that of exhaustive search, with almost no performance loss.
For multiple-antenna systems, differential space-time modulation (DSTM) have been investigated in [179] . In DSTM, the information is encoded in the form of a M × T matrix, where M is the number of transmit antennas and T is the block length. In order to perform two-block differential detection, the channel is assumed to be constant for at least 2 blocks, or 2T symbols, and there is a 3 dB performance degradation similar to two-symbol differential detection. The performance degradation is much larger for time-varying channels [180] . In order to improve the performance under fast time-varying channels, the MSDD detection has been investigated for DSTM in MIMO channels in [181] .
2) USTM AND BSTM
Unitary space-time modulation (USTM) [167] , [168] is applicable to systems with coherence time T larger than the number of transmit antennas M . The signals are transmitted in a block of length T over M < T transmit antennas, and the channel keeps constant in one block and changes independently from block to block. The information symbol is modulated as a unitary matrix √ T ∈ C T ×M , where H = I M , and the (t, m)-th element of is transmitted by the m-th transmit antenna at the t-th symbol index. The unitary matrix is chosen from a constellation set containing L = 2 RT unitary matrices, where R is the data rate in bits per channel use. The columns of spans a M dimensional subspace of a T dimensional space. It is argued in [168] that when M T , or when the SNR is large and M < T , the probability that the received signal falls in the intersection of two subspaces spanned by two different unitary matrices l and k is zero. Therefore, independent of the channel coefficients, we can perfectly distinguish l from k as long as their columns do not span the same subspace. It is shown in [168] that USTM is capacity achieving for M T , or when SNR → ∞ and M < T . Various constellations for USTM are designed in [168] , and their performance are evaluated via simulations.
Yang et al. [169] point out that USTM is no longer capacity achieving when T < M + N , a situation that is relevant to high mobility systems and/or system with large antenna arrays. The capacity achieving input signal is BSTM. The constellation matrix of BSTM is the product of a unitary isotropically distributed random matrix and a diagonal matrix whose nonzero entries are distributed as the square-root of the eigenvalues of a Beta-distributed random matrix.
C. CONCLUDING REMARKS
Non-coherent detections for high mobility systems are reviewed in this section. From the information theoretic perspective, non-coherent detection in general suffers a performance loss due to the lack of CSI at the receiver, and the loss is related to the coherence time of the channel. Several non-coherent detection techniques, such as two-symbol non-coherent detection, multi-symbol noncoherent detection, USTM, and BSTM, are reviewed.
In addition to the non-coherent detection methods reviewed in this section, there are also a large family of blind/semi-blind joint estimation and detection techniques, where the receiver can utilize the special structure of the channel and transmitted signal to perform joint channel estimation and signal detection [182] - [184] . The joint estimation and detection is usually performed with iterative algorithms, such as message passing (MP) [182] , [183] or EM [184] - [188] , where the results of channel estimation is used to help detection, and vice versa. However, the blind/semi-blind approach usually assumes that the channel changes slowly so they can gradually converge to the true CSI through iterations, and they might not be able to adapt to fast fading variations. Thus the joint estimation and detection scheme is in general not suitable to high mobility scenarios.
The future research directions for non-coherent detections in high mobility systems are summarized as follows. First, even though there are a number of asymptotic bounds for noncoherent detections, the capacity of non-coherent system is still unknown, especially when the coherence time is small, and/or the Doppler spread and delay spread is large. Second, new non-coherent techniques that can adapt to fast fading and large scale of antenna arrays are needed. In large scale MIMO systems, it is very difficult, if not impossible, to accurately estimate and track the large amount of fading coefficients that change rapidly over time. How to design transmission and non-coherent detection schemes that do not require the CSI at either transmitter or receiver remains an open problem.
VII. HANDOVER IN HIGH MOBILITY SYSTEMS
Handover is the process by which a user equipment (UE) maintains its connection active while moving from one point of attachment (BS or AP) to another. Handover management is a key aspect for high mobility system designs, and it is much more challenging than conventional systems with low or medium mobility. The performance of handover can be measured by several metrics, such as handover delay, handover rate, and handover failure probability.
Handover delay is defined as the duration between the initiation and completion of the handover process. Handover delay is related to the complexity of the handover management process, and reduction of the handover delay is especially important for delay-sensitive voice or multimedia sessions.
Handover rate is defined as the number of handovers in a unit time [189] . Reducing the handover rate is usually preferred as frequent handovers would cause waste of network resources. A handover is considered to be superfluous when the UE moves back to the original point of attachment within a short time duration (ping-pong handover) and it should be minimized.
A handover failure occurs when the handover is initiated but the target network does not have sufficient resources to complete it, or when the mobile terminal moves out of the coverage of the target network before the process is finalized. In the former case, the handover failure probability is related to the resource availability of the target network, while in the latter case it is related to the mobility of the user.
The main challenges for handover in high mobility systems are summarized as follows. First, high mobility UEs usually have a higher handover rate. Second, since the UEs can move through the overlapping coverage area of two BSs in a very short period of time, there might not be sufficient time for the system to complete the handover procedure. Therefore a more strict delay control is needed for handover in high mobility systems. Third, the fast moving UE might miss the optimum handover position, and this will increase the handover failure probability. Fourth, in HSR systems, handover might be needed for a large number of users onboard the train at the same time, and this creates the problem of group handover that consumes a large amount of network resources.
In order to cope with the challenges of handover in high mobility systems, many new handover technologies have been developed in the context of new communication architectures, such as distributed antenna system (DAS), C-RAN, coordinate multiple point transmission (CoMP), and HetNet, etc. We will first review the general operations of handover, and then present high mobility handover techniques in different system architectures.
A. GENERAL HANDOVER OPERATIONS
There are three different types of handovers, including hard handover, soft handover, and softer handover. In a hard handover, the existing connection will be released when a new connection is being established with the new BS.
In a soft handover, a new connection will be established before the UE breaks from the old one. That is a UE maintains a radio connection with two or more BSs in an overlapping region and does not release any of the signals until it drops below a specified threshold value. A softer handover is very similar to a soft handover, except that the UE switches connections over radio links that belong to the same access point. Soft and softer handovers are more popular in high mobility systems due to their flexibility.
Most of the handover algorithms are based on received signal strength (RSS). If the differential RSS between the serving BS and the target BS exceeds a certain handover hysteresis value H , then the handover process is initiated. Fig. 8 shows the triggering process of the handover, where the handover is triggered when the RSS of the target BS or e-NodeB (eNB) is H dBW higher than that of the serving eNB. In high mobility systems, small scale fading changes very fast due to the fast moving of the UE. Therefore the RSS used for handover is averaged over the effects of small scale fading. Only the effects of large scale fading, such as pathloss and shadowing, is considered The hysteresis value H plays a critical role in handover performance. A larger H can reduce handover rate, but will increase the handover delay or handover failure probability. On the other hand, a smaller H might lead to many unnecessary handovers and increase the network burden. In order to improve handover performance, various adaptive handover algorithms are proposed [190] - [192] , where dynamic hysteresis values based on different factors, such as the UE-eNB distance and UE speed, can be used to improve the handover performance.
New adaptive handover techniques are developed and analyzed for various communication systems [193] - [197] . In [193] , the hysteresis value is dynamically adjusted based on the RSS value of the serving eNB, given that a higher RSS value from the serving eNB means that the UE can still get a good QoS from the current serving BS and do not need to perform handover. An adaptive handover algorithm is proposed in [194] by estimating the pathloss between the UE and various eNBs.
B. HANDOVER IN SYSTEMS WITH DAS
In DAS systems, multiple antennas are distributed at different locations and are connected to a central unit with wired links VOLUME 4, 2016 such as optical fibers, the so-called radio-over-fiber (RoF) structure. Compared with the traditional system with co-located antennas, DAS has many advantages in terms of higher outage capacity, lower bit error rate, larger coverage area, simpler network topology, and better handover performance, etc. [198] , [199] .
Most DAS systems are installed on the BS side [200] - [202] . In conventional systems with co-located BS antennas, two adjacent cells need to have a large overlapped area to ensure sufficient handover time and to reduce handover drop probability. However, a large overlapped area usually leads to stronger co-channel interference (CCI), which might degrade the overall system capacity. For systems with DAS, the CCI can be significantly reduced because each antenna only covers a much smaller service area. In addition, softer handovers can be performed inside a cell to ensure the QoS of the users.
One prominent DAS system is the C-RAN architecture as shown in Fig. 9 , where a large number of remote radio heads (RRHs) are connected to a centralized baseband unit (BBU) pool. Any BBU can cooperate with other BBUs within the same BBU pool with very high bandwidth and low latency. The UE can perform softer handover among RRHs connecting to the same BBU, or soft handover between RRHs connecting to different BBUs. The architecture of centralized BBUs and distributed RRHs can reduce handover delay and handover failure probability, and meets the requirement of handover in high mobility systems. In [203] , a C-RAN architecture is proposed for cloud high speed train communications (C-HSTC), where a virtualized single cell design is used to mitigate handover failures and guarantee continuous communication services in high mobility systems. The DAS systems can also be installed on the user side, especially for HSR systems, where the DAS mounted on top of a train can serve as mobile relays (MRs) between the BS and UEs [195] , [196] . Since all user data are congregated at the MRs, handover will only be performed between MRs and BS, and this can effectively eliminate the group handover problem in HSR systems. A dual-link handover scheme is proposed in [195] for HSR systems. In the dual-link scheme, two relaying antennas are mounted at the front and rear of the train, respectively. The front antenna executes the handover while the rear one communicates with the current serving BS. In [196] , the handover is performed with the assistance of antenna selection and power allocation among the antennas. The results in both [195] and [196] show that employing DAS can significantly reduce the handover failure probability.
C. HANDOVER IN SYSTEMS WITH CoMP
CoMP transmission and reception allow geographically separated BSs to cooperate with each other during the transmission and reception, such that each UE can be served by multiple BS simultaneously. The CoMP scheme can reduce CCI among different cells, and improve the system spectral efficiency.
Various handover strategies have been proposed by using the CoMP structure. In [204] , a CoMP-based soft handover strategy is proposed for HSR systems. The handover strategy allows the train to be served by two adjacent BSs with CoMP when the train travels through the overlapping area. In [205] , the handover is performed by sequentially selecting a subset of CoMP BSs that can maximize the system capacity.
D. HANDOVER IN HETEROGENEOUS NETWORKS
HetNet uses multiple radio access technologies to provide services to the users. A HetNet can use conventional macrocells, small cells including microcells, picocells, and/or femtocells to offer wireless coverage in an environment with a wide variety of wireless coverage zones. The convergence of heterogeneous wireless access technologies has been envisioned as a key component for the next generation wireless networks. There are complex interoperations between macrocells and small cells, and among different radio access technologies. Handover capability between the diverse network elements is an essential element in HetNet. Various handover and mobility management algorithms in HetNet have been summarized in [206] and [207] .
In HetNet, there are two different types of handovers, horizontal handover and vertical handover.
Horizontal handover occurs between APs supporting the same network technology. Horizontal handover is mainly triggered by the UE movement, which changes the RSS from different APs. It shares many properties of handover in homogeneous networks.
Vertical handover occurs between APs supporting different network technologies, such as handovers from a small cell to a macro-cell, or from a WiFi AP to a cellular BS. Decision for vertical handover might be based on different criteria [206] . Network-related criteria include the link quality, bandwidth, delay, security, and coverage, etc. Terminal-related criteria include the mobility, battery, location, etc. User-related criteria include user profile and preferences, etc. Service-related criteria include service capability and QoS, etc. The network and UE use one or more criteria to make a decision whether to initiate the handover process. For example, it is more suitable to serve a high mobility user with a macrocell than a microcell to reduce the number of handovers, given that the user can quickly move out the coverage area of small cells.
E. CONCLUDING REMARKS
Handover management is essential for high mobility communication systems, given that the fast movement of the UEs demands frequent change of the serving BS or APs. A number of handover techniques have been reviewed in this section, and they can improve the handover performance by utilizing various new networks architectures and technologies, such as DAS, MRs, C-RAN, CoMP, and HetNet.
Future research on handover in high mobility systems should rely on the unique architecture of next generation wireless standards. It is expected that heterogeneous and distributed systems will dominate future wireless communications. The seamless and efficient handover between different APs and access technologies still remain a challenging problem for high mobility communications.
VIII. ARCHITECTURE OF HIGH MOBILITY NETWORKS
Conventional cellular network architectures are mainly designed for users with low and medium mobility. High mobility communications demand new network architectures that are tailored specifically for the needs of high mobility users, and can address the challenges imposed by high user mobility.
A. NETWORK ARCHITECTURE FOR HSR SYSTEMS
One of the most widely used network architectures for HSR systems is GSM-R, which is built based on the popular GSM technologies. GSM-R is mainly designed for voice traffic and narrow-band data traffic for railway operation controls, and it can operate reliably at train speed up to 500 km/hr. GSM-R has been widely deployed in HSR systems in Europe, Asia, and South Africa, etc. The architecture for GSM-R is shown in Fig. 10 . Dedicated GSM-R Base Transceiver Stations (BTS) are deployed with linear coverage. BS controller (BSC) and mobile switching center (MSC) fulfill the functions of the wireless link management and mobility management, respectively. Even though GSM-R is a reliable communication architecture for HSR systems, it can only be used for narrowband control information. With the increasing popularity of HSR FIGURE 10. System model. systems and the growing demands for broadband communications on trains, it is necessary to develop new network architecture that can support broadband traffic for general users.
A natural evolution for GSM-R is LTE for railway, which also has a linear coverage structure. LTE for railway system is designed to provide broadband all-IP communications to both railway operators and users. One of the main proponent for LTE for railway is Alcatel-Lucent. Some of the important features of LTE for railway solutions proposed by Alcatel-Lucent can be summarized as follows [208] . First, it utilizes distributed eNB architecture, where the multiple spatially distributed RRHs are connected to BBU pool through fiber links. The distributed eNB architecture can provide better coverage, enable flexible resource allocations, and reduce the number of equipment to be installed and maintained. Second, small cells are deployed to reduce the transmission power and provide better spectrum efficiency. Third, it provides mission critical service enhancement entities to ensure that critical control information can be reliably delivered with low latency. In addition, LTE uses an all-IP network with sophisticated QoS built into the system implementation, thus it can provide reliable broadband services to high mobility users on board the train.
The performance of HSR communication systems can also be improved by performing architecture or service optimizations in several aspects, such as the locations of eNBs along the rail track [209] , the efficiency and fairness of the utilizations of the eNBs [210] , and the eNB transmission power [211] , etc.
B. MOBILE RELAYS
Employing MRs installed on the train roof can solve a number of unique issues related to HSR systems, such as high penetration loss and group handover. The MRs are usually installed on top of the train roof outside of the train. They are connected to APs installed inside the train through wired links such as optical fiber [212] - [214] . In the uplink, the traffic from all UEs are first congregated at the MRs through the APs, then the MRs forward the congregated user traffic to the road side eNBs. In the downlink, the eNB transmits all user traffic to the MRs, which then deliver the traffic to their intended UEs through the APs inside the train carriage.
The MR structure has two airlinks, the AP-UE link and the MR-eNB link. The AP-UE link is a stationary link with short transmission distance, thus it can support high data rate without any of the challenges of high mobility communications. The MR-eNB link is the bottleneck of the two-hop relay system [215] . Since the MRs are installed outside of the train, it eliminates the penetration loss. In addition, the MRs usually have a line-of-sight with the eNBs, and this can further improve the spectral efficiency of the system.
All MRs on top of the train can either be co-located at the same location, or evenly spread out the entire train length. Both scenarios are considered in [212] , where the optimum number of MRs are identified by maximizing the average uplink capacity. It is discovered that systems with co-located MRs slightly outperform those with distributed MRs, but the performance difference is very small. An optimum power allocation scheme is proposed in [214] for HSR systems with MRs to balance the tradeoff between power consumption and delays.
Employing MRs can also solve the group handover problem, because the handover is performed between the MRs and eNB. This can improve the overall handover performance.
C. CONTROL PLANE/USER PLANE DECOUPLING
The logical network architecture can be divided into the control plane (C-plane) and user plane (U-plane), which are used to deliver control information and user information, respectively. In HSR systems, the C-plane includes control information for both communications and train operations. In conventional network architecture, data in the C-plane and U-plan are usually transmitted with the same physical channel. In order to support broadband communications, the user data are usually transmitted at high frequency bands with wider bandwidth. However, high frequency bands might suffer from high propagation loss and high penetration loss induced by the train carriage. In addition, in HetNet, the frequent handover among different network elements might seriously affect the reliability of the mission critical C-plane information.
To address these problems, a C/U-plane decoupled architecture is proposed for upcoming 5G wireless communications [216] - [220] , where the relatively important C-plane is kept at lower frequency bands in macro cells, and the U-plane is moved to small cells using higher frequency bands to gain broader bandwidth. The detailed network architecture of C/U-plane decoupling is depicted in Fig. 11 . Since small cells are only responsible for user traffic, the small cell eNBs are only connected to serving gateway (SGW), which supports U-plane session management functions. The macro-cell eNBs can also provide low rate high reliability services to U-plane, thus they are connected to both SGW and mobility management entity (MME), which supports LTE C-plane mobility management and connection 
D. C-RAN ARCHITECTURE FOR HSR
In HSR systems, the movement of users shows a very strong time-geometry pattern. There is usually a large space between two trains for safety consideration. Therefore, the number of simultaneously running trains on the same route is very small. Such a movement pattern creates the so-called ''tidal effect'', where a large number of users pass along a small portion of the railway track. Consequently, the BSs close to the train are crowded, while most of the BSs along the track do not serve any user. Thus the utilization efficiency of conventional BS or eNB in HSR systems is very low, which results in a huge waste of resources.
This problem can be effectively solved by using the C-RAN architecture, where multiple RRHs can be installed along the railway track, and they are connected to a pool of BBUs through high capacity fiber links [221] . The BBU pool enables centralized scheduling of all the RRHs and resources in the network. As a train moves along the railway track, the BBU can dynamically selects a subset of RRHs that can best serve the users on the train, and flexibly allocates the processing resources at the BBU to the users based on their respective QoS needs. Such a scheme enables a global optimization of resource allocation through virtualization technology, and it effectively address the ''tidal effect'' for HSR communication systems.
In addition, the distributed RRH or DAS structure enables spatial diversity and frequency reuse among the RRHs, and this can further improve the system capacity per area. Spatially distributed RRHs can reuse the same spectrum while maintaining a low CCI among themselves, and this can significantly improve the area spectral efficiency of the entire system. The spatial diversity of C-RAN or DAS systems can be achieved by RRH selection/activation, where only a small subset of RRHs are activated at a given time while all other RRHs remain in a sleeping state to save power. In [222] and [223] , a joint RRH activation and beamforming scheme is proposed for C-RAN, and the results show that sparse RRH activation yields significant performance gains over systems with all RRHs activated.
E. CONCLUDING REMARKS
Network architecture can be designed and optimized by using the unique features of high mobility systems. The first widely used high mobility network architecture is GSM-R, which only provides narrow band services to railway operators. New network architectures and operations, such as LTE for railway, MRs, heterogeneous networks with C/U-plane decoupling, and C-RAN, can effectively improve system performance by exploiting the various features of high mobility systems.
High mobility communication is an important component for 5G communication systems. New high mobility network architectures are needed to take advantage of the new features and technologies enabled by 5G communications.
Research on network architecture for high mobility communications in 5G is still at its infancy. Unlike the 3G and 4G standards that treats the high mobility issue as an after thought, the 5G communication systems will treat high mobility as an integral part of the communication standards, and take the high mobility issue into consideration during the initial design of the network architecture. How to design an effective and efficient high mobility network architecture for 5G systems still remain an open problem.
IX. CONCLUSIONS
In this paper, we have provided a systematic review on the challenges, modeling, design, and analysis of high mobility communication systems. Due to the high mobility of the communication devices, there is fast channel variation in the physical layer, fast link variations in the link layer, and fast topology variation in the network layer. The fast time-varying operation environment imposes formidable challenges on system designs, and it also provides Doppler diversity that can be exploited to improve system performance. Considering the unique properties of high mobility communications, we first summarized a list of key challenges and opportunities provided by the high mobility environment. To address these challenges and take advantage of the opportunities, we then provided reviews in various aspects of high mobility system designs and analysis, including channel modeling, channel estimation, Doppler diversity transmissions, multicarrier communications, non-coherent detections, handover, and network architectures. The review focused primarily on the physical layer operations, with some discussions on upper layer operations such as handover and network architectures.
There are still a large number of issues that need to be addressed for the development of future high mobility communication systems. The key challenge remains to be how to provide reliable broadband services to a large number of high mobility users experiencing non-stationary fast time-varying fading. This challenge can only be tackled by comprehensively overhaul the designs and operations of current communication systems, from signaling, transceiver designs, to network architectures. We summarize the important research topics for high mobility communications as follows: the accurate modeling and estimation of the non-stationary high mobility propagation channel, the design of new transceiver structures that can effectively collect the benefits of Doppler diversity, and operate with imperfect CSI or no CSI at all, new signal processing techniques that can mitigate the impairments (such as CFO and ICI) caused by high mobility channels, new communication techniques that can ensure QoS by automatically adapt to the mobile speed, and new mobility management and network architectures that are designed by taking advantage of the unique properties of high mobility systems, etc. 
